We propose high index contrast InGaP photonic wires as a platform for the integration of nonlinear optical functions in the telecom wavelength window. We characterize the linear and nonlinear properties of these waveguide structures. Waveguides with a linear loss of 12 dB/cm and which are coupled to a single mode fiber through gratings with a −7.5 dB coupling loss are realized. From four wave mixing experiments, we extract the real part of the nonlinear parameter γ to be 475 ± 50 W −1 m −1 and from nonlinear transmission measurements we infer the absence of two-photon absorption and measure a three-photon absorption coefficient of (2.5 ± 0.5) x 10 −2 cm 3 GW −2 .
Introduction
Silicon-on-insulator (SOI) has become a very popular platform for various applications of integrated optics, especially in the field of telecommunications, but also in other fields like spectroscopy and sensing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This is mainly related to the fact that low loss (~2 dB/cm) high index contrast waveguide structures can be realized on this platform using the CMOS processing infrastructure. Because the high index contrast allows large field intensities inside the waveguides, and since silicon also has a large third-order susceptibility (n 2 = 4x10 −18 m 2 /W), the SOI platform has been investigated for many nonlinear optics based applications [4] [5] [6] [7] [8] [9] [10] . Despite these advantages, silicon is not the ideal material for many nonlinear applications because it suffers from large nonlinear losses in the telecom wavelength region due to two-photon absorption and the resulting free-carrier absorption (TPA and FCA). This limits the efficiency of the nonlinear processes on silicon. Silicon also has no intrinsic second-order susceptibility due to its centrosymmetric crystal structure. III-V materials offer the possibility to overcome these disadvantages: they have a similarly high refractive index as well as large second and third order nonlinearities. Some III-V material compositions such as InGaP or Al x Ga 1-x As (both grown on a GaAs substrate) also have the advantage that the half-bandgap is larger than the photon energy in the telecommunications wavelength range and so should not suffer from TPA. This allows for efficient nonlinear optical processes in the telecommunication wavelength range. Heterogeneously integrated III-V materials on a silicon substrate have already been extensively studied for on-chip light generation [11] [12] [13] [14] . Previous studies have explored the nonlinear properties of photonic wire waveguides and photonic crystal waveguides realized on their III-V growth substrate based on different III-V materials, including InGaP, for a range of nonlinear optics applications [15] [16] [17] [18] [19] [20] [21] .
In this work we report the characterization of the nonlinear properties of InGaP high index contrast photonic wire waveguides integrated on a silicon substrate and separated from the substrate by a 3 μm thick thermal oxide layer. Many nonlinear processes are only efficient in the presence of phasematching, which can be achieved by engineering the waveguide dispersion profile. Waveguides with a high index contrast allow wide tuning of the dispersion by engineering the waveguide cross-section [22] . Hence, in order to fully exploit the large refractive index of III-V materials and achieve a high index contrast similar to the SOI platform, removal of the GaAs substrate used for the growth of the InGaP layer is necessary. Therefore we use the approach of bonding the InGaP layer, along with its growth substrate, to the silicon substrate after which the growth substrate is removed. The details of the fabrication of the InGaP waveguides on the silicon substrate and their linear properties are discussed in Section 2. In Section 3 we report the experiments performed to characterize the nonlinear properties of these waveguides. The nonlinear parameter γ is extracted from the measurement of the four wave mixing conversion efficiency. We also confirm the absence of two-photon absorption and measure the three-photon absorption coefficient through nonlinear transmission measurements.
Fabrication
For fabricating the InGaP photonic wire waveguides, a 250 nm thick InGaP layer is first grown lattice matched to a GaAs substrate. It is separated from the substrate by a 1.4 μm thick GaAs sacrificial layer and a 200 nm thick InGaP etch-stop layer. A 200 nm thick SiO x layer is deposited on top of this III-V stack, after which the III-V stack is bonded upsidedown onto the silicon substrate, which has a 3 μm thick thermal oxide buffer layer on top to isolate the optical mode from the silicon substrate. The bonding is done using a 35% Benzocyclobutene (BCB) solution spun at 1000 rpm, which results in a 1 μm thick BCB layer. Subsequently, the GaAs substrate is removed via wet etching in a nitric acid solution (HNO 3 :H 2 O 2 :H 2 O in a volume ratio of 1:4:1). The InGaP etch-stop layer is selectively removed using a 1:1 vol mixture of HCl and H 3 PO 4 , after which the GaAs sacrifical layer is again removed using the nitric acid solution. Fabrication of the strip waveguides in the InGaP membrane is done via e-beam lithography and inductively coupled plasma (ICP) etching using a HBr/O 2 /He gas mixture (100:0.6:60 sccm) giving an etch rate of about 5 nm/sec. A two-step etching process is used to fabricate partially etched gratings in the InGaP layer to couple light into the waveguides. In the first step, the waveguides are written using the negative tone resist hydrogensilsesquioxane (HSQ) and etched in the ICP. In the second step, the gratings are written in the positive tone resist polymethylmethacrylate (PMMA), which is used to etch a silicon nitride hard mask using reactive ion etching (RIE) prior to the final ICP etching step. The gratings have a period of 725 nm, a fill factor of 50%, and are etched 50 nm deep into the 250nm thick InGaP membrane. The fiber-to-chip coupling efficiency to a single mode fiber at a 10° coupling angle is shown in Fig. 1(c) and peaks at −7.6 dB at 1540nm wavelength (with a 3 dB bandwidth of 45 nm) for TE-polarized light. Due to the high index contrast, it is possible to fit a 1 cm long waveguide in an area of just 180 μm x 180 μm, as shown in Fig. 1(a) . The fabricated waveguides (cross-section 630 nm x 250 nm as measured using SEM, see Fig. 1(b) ) have a linear loss of 12 ± 0.5 dB/cm (TE polarization at 1540 nm) measured using a cutback method. The large linear losses are thought to originate from sidewall scattering and can be reduced by improving the etching of the waveguides.
As stated above, due to the high index contrast of these waveguides dispersion engineering is easily achievable by changing the waveguide dimensions. For example, the dispersion of the fundamental TE-like mode at 1550 nm wavelength is tuned from the normal to the anomalous regime simply by changing the width of the waveguide as shown in Fig. 2 where the simulated dispersion of various waveguides with different widths and a fixed height of 250 nm are presented. Of course, dispersion could also be tuned by changing the height of these waveguides, which can be done at the growth stage prior to bonding. It can be seen that for waveguides with widths between 500 and 700 nm, it is possible to have anomalous dispersion in the telecom wavelength range, which is critical for numerous nonlinear applications. Fig. 2 . The simulated dispersion for waveguides of height 250 nm and widths ranging from 500 to 800 nm shows that dispersion engineering in this high index contrast platform allows access to the anomalous dispersion regime. 
Here, n 2 is the nonlinear Kerr index and A eff is the effective area of the waveguide for thirdorder processes defined as ( )
E dxdy E dxdy   [23] , which for our waveguide is calculated to be 0.24 μm 2 . Obviously, if there is no TPA, then the imaginary part of γ is zero. In the case of InGaP lattice matched to GaAs, the bandgap is 1.9 eV, which is larger than twice the photon energy at 1550 nm wavelength (0.8 eV); hence we expect no two-photon absorption. In that case, the dominant multi-photon loss mechanism would be the threephoton absorption (3PA). Of course, the carriers generated through such a nonlinear absorption process also cause extra losses through FCA.
Nonlinear loss
In order to confirm that the material indeed does not suffer from TPA, we measure the transmission T of a pulsed laser (producing hyperbolic secant pulses with a FWHM of 2.8 ps measured with an intensity autocorrelator) through a 1 cm long InGaP waveguide. The measured output peak power vs the input peak power is shown in Fig. 3 . It can be seen that due to nonlinear losses the output power does not increase linearly with the input power. If these nonlinear losses occur due to TPA, then the reciprocal of the transmission should increase linearly with the input peak power. However, as shown in Fig. 4(a) , we observe that that's not the case for the InGaP waveguide. The 1/T 2 trend however is linear with respect to the square of the input peak power as shown in Fig. 4(b) which points towards three-photon absorption being the dominant multi-photon loss mechanism in these InGaP photonic wires [15, 16] . The equation governing the transmission through a 3PA dominated waveguide is dI/dz = -αI(z) -α 3 I(z) 3 where I is the intensity at position z along the waveguide, α is the linear absorption term and α 3 is the bulk 3PA coefficient. Equation (2) Here, L is the length of the waveguide and I 0 is the input intensity at the peak of the pulse. Using Eq. (2) with the 3PA coefficient as the unknown parameter, we fit experimental data of the output power as a function of the input peak power (Fig. 3, solid line) . We extract the α 3 value to be (2.5 ± 0.5) x10 −2 cm 3 / GW 2 which is close to other reports in literature [17] . Clearly, the InGaP waveguides do not suffer from two-photon absorption in the telecommunication wavelength range, as expected from its bandgap value.
Measurement of the nonlinear parameter γ
For characterizing the nonlinear parameter γ, a four-wave mixing experiment was carried out in the low power continuous wave regime where the probe signal is close to the pump wavelength (Δλ<1 nm), in order for the phase mismatch (|Δk|L = Δω 2 |β 2 |L ≈10 −3 ) to be negligible and the conversion efficiency maximal. In this regime, the conversion efficiency, defined as the ratio of the idler output power to the signal output power, has a quadratic dependence on the nonlinear parameter [18] :
Here, L eff defined as (1-e -αL )/α is the effective interaction length taking into account the propagation loss α along the waveguide. For the waveguide used in this experiment (2 mm length) this results in an effective interaction length of 1.54 mm. Figure 5(a) shows the output spectrum of the pump, signal and idler wavelengths showing a conversion efficiency of −31 dB for coupled pump and probe input powers of 38 mW and 1.47 mW respectively. m −1 and taking into account the −7.5 dB fiber coupling efficiency. Comparing that to Fig. 5(a) , we see that the simulation gives the measured output power for the generated idler wave. We further measured the conversion efficiency as a function of the pump power. Figure 6 shows the experimental data (circles) and the theoretical as well as the numerically simulated efficiency for γ = 475 W −1 m −1 . As can be seen, they agree very well, confirming the validity of Eq. (3). Thus we extract a value of the nonlinear parameter as 475 ± 50 W −1 m −1 with the uncertainty coming from the uncertainty on the waveguide coupled power. 
Conclusions and outlook
We have demonstrated a new platform for on-chip nonlinear optics based on InGaP-oninsulator photonic wire waveguides. It benefits from the high-index contrast of the waveguides -which enables both dispersion engineering and large optical intensities -and a large third-order nonlinearity characterized by a nonlinear parameter γ of 475 W −1 m −1 as well as no two-photon absorption in the telecommunications wavelength range. A nonlinear parameter γ of 521 W −1 m −1 and 2900 W −1 m −1 has previously been reported in other approaches employing different III-V materials (AlGaAs waveguides [18] ) or using free standing slow light InGaP photonic crystal waveguides [21] respectively. The γ value obtained here could be further optimized by engineering the waveguide cross section or employing other III-V materials with higher n 2 values such as AlGaAs using a similar procedure to the one used here. The advantage of our approach of bonding the III-V layer to a silicon substrate is that the nonlinear InGaP waveguide can be optically coupled to a SOI or SiN-on-insulator optical waveguide circuit, enabling easy integration with other welldeveloped linear devices on such platforms. Techniques developed for heterogeneously integrating III-V lasers on the SOI platform can be employed here. For example, adiabatic tapers in both the silicon and III-V layers can be used to couple light between the SOI and the III-V waveguide layer [13] . Microdisk resonators in the III-V layer can also be coupled to an underlying silicon waveguide [14] . Thus, it is a promising approach for a variety of applications in particular for all-optical signal processing in telecommunications. The use of III-V materials also creates the possibility to exploit their inherently large second-order nonlinearity. These avenues will be explored in future work.
